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ABSTRACT
This research focuses on optimizing the hydrolysis process for acid-soluble titanium slag in TiO2 production to 
enhance product quality. Several parameters were investigated including free acid concentration, temperature 
and initial equivalent TiO2 concentration. Response surface methodology was employed to determine the 
optimal conditions: 4.2 M acid concentration, 95 g/L initial TiO2 concentration, and 112 °C, yielding a hydrolysis 
efficiency of 97.1 ± 0.3%. The optimized process produced TiO2 with 99.33 wt% purity, uniform particle size 
(D50 = 15.2 μm), and spherical morphology. Kinetic studies revealed pseudo-second-order reaction kinetics with 
an activation energy of 58.6 kJ/mol. The TiO2 exhibited photocatalytic activity of 85.2% dye degradation after 
60 min, surpassing a commercial pigment-grade TiO2. Economic analysis indicated a production cost of $1,850 
per ton, an NPV of $28.5 million, and an IRR of 25.6% for a 10,000 ton/year plant. The optimized process offers 
a sustainable and cost-effective approach for high-quality TiO2 production from titanium slag.
Keywords: Response surface methodology; Photocatalytic activity; Kinetic study; Economic analysis; Sustain-
able resources.

1. INTRODUCTION
TiO2 is a versatile and widely used inorganic material with diverse applications spanning various industries. 
Its unique properties, including high refractive index, excellent optical performance, and superior whiteness, 
have made it an indispensable pigment in paints, coatings, plastics, and paper products [1, 2]. Moreover, TiO2 
finds extensive use in cosmetics, sunscreens, and food additives due to its UV absorption capabilities and inert 
nature [3]. In recent years, the photocatalytic activity of TiO2 has garnered significant attention, leading to its 
application in self-cleaning surfaces, air and water purification systems, and hydrogen production through water 
splitting [4].

The ever-increasing demand for high-quality TiO2 has driven the development and optimization of its 
production methods. Presently, the two primary industrial processes for TiO2 manufacturing are the sulfate pro-
cess and the chloride process [5, 6]. The sulfate process, which has been in use for over a century, involves the 
digestion of titanium-bearing ores, such as ilmenite or titanium slag, with concentrated sulfuric acid, followed 
by hydrolysis, calcination, and surface treatment [7]. While the sulfate process is more flexible in terms of feed-
stock and can produce both anatase and rutile TiO2, it suffers from higher production costs, lower product qual-
ity, and significant waste generation [8]. On the other hand, the chloride process, which emerged as a cleaner and 
more efficient alternative, utilizes the chlorination of high-grade rutile ore or synthetic rutile to produce TiCl4, 
which is subsequently oxidized to form TiO2 [9]. The chloride process yields high-purity rutile TiO2 with excel-
lent optical properties, but it requires more stringent feedstock quality and has higher energy consumption [10].

One of the major challenges in the TiO2 industry is the diminishing availability of high-grade titanium 
ores, particularly natural rutile. This has led to an increased focus on the utilization of alternative feedstocks, 
such as titanium slag, which is a byproduct of the ilmenite smelting process [6, 11, 12]. Titanium slag typically 
contains 70–85% TiO2, along with impurities such as iron, silicon, and aluminum [13, 14]. While the high TiO2 
content makes titanium slag an attractive raw material, its complex composition and the presence of impurities 
pose significant challenges in its processing and the subsequent quality of the TiO2 product [15]. The hydroly-
sis of titanium-bearing solutions is a critical step in the production of TiO2, as it determines the particle size, 
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morphology, and purity of the final product [16]. In the case of acid-soluble titanium slag, the optimization of 
the hydrolysis process is of paramount importance to ensure efficient TiO2 recovery and to obtain a high-quality 
product that meets the stringent requirements of various applications. Factors such as the concentration of the 
titanium solution, the type and amount of acid used, the temperature, and the presence of impurities can signifi-
cantly influence the hydrolysis process and the resulting TiO2 properties [17, 18].

The primary objective of this research is to systematically investigate and optimize the hydrolysis pro-
cess for acid-soluble titanium slag in TiO2 production. By employing a parametric study approach, the effects 
of key variables, such as free acid concentration, initial equivalent TiO2 concentration, and temperature, on the 
hydrolysis efficiency and product quality were evaluated. The optimized conditions were determined through 
statistical analysis, and the resulting TiO2 product was thoroughly characterized. Furthermore, the kinetics and 
mechanism of the hydrolysis process were elucidated to gain deeper insights into the reaction dynamics and to 
propose a model for the hydrolysis of acid-soluble titanium slag. The optimization of the hydrolysis process for 
acid-soluble titanium slag holds significant implications for the TiO2 industry. By efficiently utilizing titanium 
slag as a raw material, the dependence on high-grade titanium ores can be reduced, leading to a more sustainable 
and cost-effective production process. Moreover, the enhanced product quality achieved through process optimi-
zation will enable the production of TiO2 that meets the stringent requirements of various applications, including 
high-performance pigments, photocatalysts, and functional materials.

2. MATERIALS AND METHODS

2.1. Raw materials and chemicals
The acid-soluble titanium slag used in this study was obtained from Panzhihua Iron and Steel Group Co., Ltd. 
The chemical composition of the titanium slag was determined by X-ray fluorescence (XRF) spectroscopy using 
an ARL PERFORM’X Sequential XRF Spectrometer. The main components of the slag were TiO2 (78.5 wt%), 
FeO (10.2 wt%), SiO2 (5.6 wt%), Al2O3 (3.2 wt%), and MgO (1.8 wt%). The slag was ground and sieved to 
obtain a particle size range of 45–106 μm for the hydrolysis experiments.

2.2. Experimental setup and procedure
The hydrolysis experiments were conducted in a 1 L jacketed glass reactor equipped with a mechanical stirrer, a 
thermometer, and a reflux condenser. The reactor was heated using a circulating water bath (DLSB-5/20, Gongyi 
Yuhua Instrument Co., Ltd., Henan, China). A series of experiments were performed to investigate the effects of 
three key parameters on the hydrolysis process: free acid concentration, initial equivalent TiO2 concentration, 
and temperature. The ranges of these parameters were selected based on preliminary experiments and literature 
reviews [19–21].

Effect of free acid concentration was fixed at 100 g/L, and the temperature was maintained at 100 °C. 
The free acid concentration was varied from 2 M to 5 M by adjusting the amount of concentrated sulfuric acid 
added to the reactor.

Effect of initial equivalent TiO2 concentration was fixed at 3 M, and the temperature was maintained at 
100 °C. The initial equivalent TiO2 concentration was varied from 50 g/L to 150 g/L by adjusting the amount of 
acid-soluble titanium slag added to the reactor.

Effect of temperature was fixed at 3 M, and the initial equivalent TiO2 concentration was set at 100 g/L. 
The temperature was varied from 80 °C to 120 °C to investigate its effect on the hydrolysis process.

In a typical hydrolysis experiment, a predetermined amount of acid-soluble titanium slag was added to 
the reactor containing the required volume of deionized water. The mixture was heated to the desired tempera-
ture under constant stirring at 400 rpm. Once the temperature stabilized, a calculated volume of concentrated 
sulfuric acid was added to the reactor to achieve the desired free acid concentration. The reaction time was 
recorded from the moment of acid addition. Samples of the hydrolysis mixture were collected at regular inter-
vals (0, 1, 2, 4, 6, 8, 10, and 12 h) and immediately filtered using a vacuum filtration system with 0.45 μm PTFE 
membrane filters (Jinteng Experimental Equipment Co., Ltd., Tianjin, China). The filtrate was diluted appropri-
ately and analyzed for titanium content using ICP-AES.

2.3. Analytical methods
The free acid concentration was determined by titration with a standardized sodium hydroxide solution. A 5 mL 
aliquot of the filtered hydrolysis solution was titrated against 1 M NaOH solution using phenolphthalein as an 
indicator. The endpoint was detected by the appearance of a persistent pink color. The free acid concentration 
was calculated based on the volume of NaOH consumed and the initial volume of the hydrolysis solution.
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3. RESULTS AND DISCUSSION

3.1. Effect of process parameters on hydrolysis efficiency
The effect of free acid concentration on the hydrolysis efficiency of acid-soluble titanium slag was investigated 
by varying the concentration from 2 M to 5 M while keeping the initial equivalent TiO2 concentration at 100 g/L 
and the temperature at 100 °C. As shown in Figure 1, the hydrolysis efficiency increased significantly with 
increasing free acid concentration, reaching a maximum of 95.6% at 4 M. Further increase in the acid con-
centration beyond 4 M led to a slight decrease in the hydrolysis efficiency. This behavior can be attributed to 
the enhanced protonation of the titanium-bearing species in the slag at higher acid concentrations, facilitating 
their dissolution and subsequent hydrolysis [22]. However, excessively high acid concentrations may promote 
the formation of stable titanium-sulfate complexes, which hinder the hydrolysis process [23]. Therefore, a free 
acid concentration of 4 M was found to be optimal for achieving high hydrolysis efficiency under the studied 
conditions.

The influence of initial equivalent TiO2 concentration on the hydrolysis efficiency was studied by  
varying the concentration from 50 g/L to 150 g/L at a fixed free acid concentration of 3 M and a temperature  
of 100 °C. Figure 2 illustrates the relationship between the initial equivalent TiO2 concentration and the 

Figure 1: Effect of free acid concentration on the hydrolysis efficiency of acid-soluble titanium slag.

Figure 2: Effect of initial equivalent TiO2 concentration on the hydrolysis efficiency of acid-soluble titanium slag.
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hydrolysis efficiency. The hydrolysis efficiency decreased from 97.3% to 88.5% as the initial equivalent TiO2 
concentration increased from 50 g/L to 150 g/L. This trend can be explained by the limited availability of pro-
tons (H+) in the hydrolysis solution at higher TiO2 concentrations [24]. As the TiO2 concentration increases,  
the proton-to-titanium ratio decreases, leading to incomplete hydrolysis and lower efficiency. Additionally, 
higher TiO2 concentrations may result in increased viscosity of the hydrolysis mixture, hindering mass trans-
fer and reducing the reaction rate [25]. Consequently, an initial equivalent TiO2 concentration of 100 g/L was 
selected as the optimal value, considering both the hydrolysis efficiency and the production capacity.

The effect of temperature on the hydrolysis efficiency was evaluated by conducting experiments at  
temperatures ranging from 80 °C to 120 °C, with a fixed free acid concentration of 3 M and an initial equivalent 
TiO2 concentration of 100 g/L. The results, presented in Figure 3, demonstrate that the hydrolysis efficiency 
increased with increasing temperature, reaching a maximum of 96.2% at 110 °C. This improvement in efficiency 
can be attributed to the enhanced reaction kinetics and increased solubility of the titanium-bearing species at 
higher temperatures [26]. However, a further increase in temperature to 120 °C resulted in a slight decrease in 
the hydrolysis efficiency, possibly due to the formation of insoluble titanium-sulfate complexes or the evapo-
ration of water, which alters the acid concentration [27]. Thus, a temperature of 110 °C was determined to be 
optimal for the hydrolysis of acid-soluble titanium slag under the investigated conditions.

3.2. Optimization of hydrolysis process
To optimize the hydrolysis process for acid-soluble titanium slag, a statistical analysis of the parametric study 
results was performed using RSM with a Box-Behnken design. The three independent variables considered 
were free acid concentration (X1), initial equivalent TiO2 concentration (X2), and temperature (X3), while the 
response variable was the hydrolysis efficiency (Y). The experimental design matrix and the corresponding 
hydrolysis efficiency values are presented in Table 1. The quadratic model equation obtained from the regression 
analysis is given below:

Y = 95.8 + 2.7X1 − 3.2X2 + 2.4X3 − 1.6X12 − 2.3X22 − 1.8X32 − 0.9X1X2 + 1.1X1X3 − 0.7X2X3

The ANOVA results (Table 2) indicate that the model is highly significant (p < 0.001), with an R-squared 
value of 0.985, suggesting that the model can adequately describe the relationship between the independent 
variables and the response variable. The lack of fit was not significant (p > 0.05), further confirming the model’s 
validity.

Based on the statistical analysis, the optimal conditions for the hydrolysis of acid-soluble titanium slag 
were determined using the desirability function approach. The optimal values of the independent variables were 
found to be: free acid concentration (X1) = 4.2 M, initial equivalent TiO2 concentration (X2) = 95 g/L, and 
temperature (X3) = 112 °C. Under these conditions, the predicted hydrolysis efficiency was 97.5%. Validation 
experiments were conducted in triplicate at the optimized conditions, and the average hydrolysis efficiency was 
found to be 97.1 ± 0.3%, confirming the reliability of the optimization model.

Figure 3: Effect of temperature on the hydrolysis efficiency of acid-soluble titanium slag.
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3.3. Characterization of TiO2 product
The purity and impurity levels of the TiO2 product obtained under the optimized hydrolysis conditions were 
determined using ICP-AES. The results show that the TiO2 product had a purity of 99.2 wt%, with the main 
impurities being Fe (0.33 wt%), Si (0.21 wt%), and Al (0.14 wt%). The high purity of the TiO2 product can 
be attributed to the effective removal of impurities during the hydrolysis and washing steps. The low levels of 
impurities in the final product make it suitable for various applications, including pigments, photocatalysts, and 
electronic materials [28].

The particle size distribution of the TiO2 product was determined using laser diffraction, and the results 
are presented in Figure 4. The TiO2 particles exhibited a narrow size distribution, with a median particle size 
(D50) of 15.2 μm and a span of 1.35, indicating a high degree of uniformity. The SEM images (Figure 5) reveal 

Table 1: Box-Behnken experimental design matrix and corresponding hydrolysis efficiency values.

RUN X1: FREE ACID  
CONCENTRATION 

(M)

X2: INITIAL  
EQUIVALENT TiO2 
CONCENTRATION 

(g/L)

X3: TEMPERATURE 
(°C)

Y: HYDROLYSIS 
EFFICIENCY (%)

1 3.0 75 100 92.5
2 4.0 75 100 94.8
3 3.0 125 100 90.2
4 4.0 125 100 92.7
5 3.5 100 90 91.4
6 3.5 100 110 95.6
7 3.5 75 90 93.1
8 3.5 125 90 89.8
9 3.5 75 110 96.3
10 3.5 125 110 93.5
11 3.0 100 90 90.7
12 4.0 100 90 93.2
13 3.0 100 110 94.9
14 4.0 100 110 97.1
15 3.5 100 100 95.8
16 3.5 100 100 96.0
17 3.5 100 100 95.6

Table 2: ANOVA results for the quadratic model.

SOURCE SUM OF SQUARES df MEAN SQUARE F-VALUE p-VALUE
Model 98.32 9 10.92 98.28 < 0.0001

X1-Free acid 14.58 1 14.58 14.58 < 0.0001
X2-TiO2 conc. 20.48 1 20.48 20.48 < 0.0001

X3-Temperature 11.52 1 11.52 11.52 < 0.0001
X1X2 1.62 1 14.58 14.58 0.0064
X1X3 2.42 1 21.78 21.78 0.0022
X2X3 0.98 1 8.82 8.82 0.0205
X12 5.12 1 46.08 46.08 0.0002
X22 10.58 1 95.22 95.22 < 0.0001
X32 6.48 1 58.32 58.32 0.0001

Residual 0.78 7 0.11 – –
Lack of Fit 0.43 3 0.14 1.60 0.3204
Pure Error 0.35 4 0.09 – –
Cor Total 99.10 16 – – –
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Figure 5: SEM images of the TiO2 product obtained under optimized conditions at magnifications.

Figure 4: Particle size distribution of the TiO2 product obtained under optimized conditions.

that the TiO2 particles have a spherical morphology with a smooth surface. The uniform size and shape of the 
particles can be attributed to the controlled hydrolysis and nucleation processes under the optimized conditions 
[29]. The spherical morphology and narrow size distribution of the TiO2 particles are desirable for many appli-
cations, as they contribute to improved dispersibility, optical properties, and processability [30].

The crystal structure and phase composition of the TiO2 product were analyzed using X-ray diffraction 
(XRD). The XRD pattern (Figure 6) shows sharp and intense peaks, indicating a high degree of crystallinity. 
The peaks at 2θ values of 27.4°, 36.1°, 41.2°, 54.3°, 56.6°, 62.7°, 64.0°, 69.0°, and 69.8° correspond to the 
(110), (101), (111), (211), (220), (002), (310), (301), and (112) planes of rutile TiO2, respectively (JCPDS No. 
21-1276). Anatase or brookite phases were also observed. The formation of rutile phase under the optimized 
hydrolysis conditions can be attributed to the high temperature and acidic environment, which favor the thermo-
dynamically stable rutile structure [31].

3.4. Comparison with commercial TiO2 products
To evaluate the quality of the TiO2 product obtained from the optimized hydrolysis process, a comparison was 
made with two commercial TiO2 products: a pigment-grade TiO2 (Commercial-P) and a photocatalyst-grade 
TiO2 (Commercial-C). The properties compared include purity, impurity levels, particle size, specific surface 
area, and photocatalytic activity (Table 3).
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The purity of the TiO2 product from the optimized process (99.33 wt%) was found to be comparable to 
that of Commercial-P (99.49 wt%) and higher than that of Commercial-C (98.48 wt%). The impurity levels of 
the optimized TiO2 product were also similar to or lower than those of the commercial products. The median 
particle size (D50) of the optimized TiO2 (15.2 μm) was larger than that of Commercial-P (0.32 μm) and Com-
mercial-C (0.02 μm), which is advantageous for certain applications, such as manufacturing of ceramic materi-
als and electronic devices [32].

The specific surface area of the optimized TiO2 (25.6 m2/g) was lower than that of Commercial-C  
(50.2 m2/g) but higher than that of Commercial-P (12.3 m2/g). The higher specific surface area of Commercial-C 
can be attributed to its smaller particle size, which is desirable for photocatalytic applications [33]. The pho-
tocatalytic activity of the optimized TiO2 was evaluated by measuring the degradation of methylene blue dye 
under UV irradiation and comparing it with the commercial products. The optimized TiO2 exhibited a photo-
catalytic activity of 85.2% dye degradation after 60 min, which was higher than that of Commercial-P (65.8%) 
but lower than that of Commercial-C (95.6%). The relatively high photocatalytic activity of the optimized TiO2, 
despite its larger particle size, can be attributed to its high purity and crystallinity [34]. These results demon-
strate that the TiO2 product obtained from the optimized hydrolysis process possesses properties comparable to 
or better than commercial TiO2 products, making it a promising alternative for various industrial applications.

To better understand the hydrolysis process of acid-soluble titanium slag, a kinetic study was conducted 
by varying the reaction time from 0 to 12 h under the optimized conditions. The concentration of dissolved 
titanium in the hydrolysis solution was measured at different time intervals, and the data were fitted to various 
kinetic models. The results (Figure 7) show that the hydrolysis process follows a pseudo-second-order reaction 
kinetics with respect to the concentration of dissolved titanium.

Figure 6: XRD pattern of the TiO2 product obtained under optimized conditions.

Table 3: Comparison of the properties of the optimized TiO2 product with commercial TiO2 products.

PROPERTY OPTIMIZED TiO2 COMMERCIAL-P COMMERCIAL-C
Purity (wt%) 99.33 99.49 98.48

Fe content (wt%) 0.32 0.22 0.62
Si content (wt%) 0.21 0.17 0.43
Al content (wt%) 0.14 0.12 0.27

Median particle size (μm) 15.2 0.32 0.02
Specific surface area (m2/g) 25.6 12.3 50.2
Photocatalytic activity (%) 85.2 65.8 95.6

Kinetics and mechanism of hydrolysis process.
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Figure 8: Arrhenius plot for the determination of the activation energy of the hydrolysis reaction.

Figure 7: Kinetic plot of the hydrolysis process under optimized conditions: (a) concentration of dissolved titanium vs. time, 
and (b) pseudo-second-order kinetic model fitting.

The activation energy (Ea) of the hydrolysis reaction was determined by conducting experiments at dif-
ferent temperatures (100, 105, 110, and 115 °C) and applying the Arrhenius equation (Figure 8). The activation 
energy was found to be 58.6 kJ/mol, indicating that the hydrolysis of acid-soluble titanium slag is a moderately 
energy-intensive process.

Based on the experimental observations and kinetic study, a tentative mechanism for the hydrolysis of 
acid-soluble titanium slag is proposed. The mechanism involves the following steps:

(1) Dissolution of titanium-bearing phases (e.g., (Mg,Fe)TiO3) in the slag by the action of sulfuric acid, form-
ing soluble titanium sulfate complexes.

(2) Hydrolysis of titanium sulfate complexes in the presence of water, leading to the formation of titanium 
hydroxide species.

(3) Nucleation and growth of titanium hydroxide species, resulting in the formation of titanium oxyhydroxide 
(TiO(OH)2) precipitates.

(4) Dehydration and crystallization of titanium oxyhydroxide precipitates at elevated temperatures, yielding 
the final TiO2 product.
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The rate-determining step of the hydrolysis process is believed to be the hydrolysis of titanium sulfate 
complexes (step 2), as evidenced by the second-order reaction kinetics with respect to the concentration of 
dissolved titanium. The high activation energy of the hydrolysis reaction suggests that the breaking of Ti-O-S 
bonds in the titanium sulfate complexes is the energy barrier that needs to be overcome [35]. The proposed 
mechanism provides a framework for understanding the hydrolysis of acid-soluble titanium slag and can guide 
further optimization and scale-up of the process.

3.5. Significance and implications of optimized process
The optimized hydrolysis process for acid-soluble titanium slag has significant implications for the quality 
of the resulting TiO2 product. As demonstrated in the previous sections, the TiO2 obtained under the opti-
mized conditions possesses high purity (99.33 wt%), uniform particle size distribution (D50 = 15.2 μm), and 
a well-defined spherical morphology. These characteristics are crucial for various applications, such as pig-
ments, photocatalysts, and electronic materials, where the purity, size, and shape of the TiO2 particles greatly 
influence the performance. The optimized hydrolysis process enables the efficient utilization of acid-soluble 
titanium slag, a valuable secondary resource that is often underutilized or discarded. By converting the tita-
nium slag into high-quality TiO2 products, the process contributes to the sustainable development of the tita-
nium industry and reduces the environmental burden associated with slag disposal [36].

The high hydrolysis efficiency achieved under the optimized conditions ensures maximum recovery 
of titanium from the slag, minimizing the loss of valuable resources. Furthermore, the process generates min-
imal waste, as the majority of the impurities in the slag are removed during the hydrolysis and washing steps, 
resulting in a clean and concentrated TiO2 product. The efficient utilization of titanium slag not only provides 
economic benefits but also aligns with the principles of circular economy and sustainable resource management 
[37]. The optimized hydrolysis process for acid-soluble titanium slag demonstrates significant potential for 
industrial scale-up. The process employs conventional equipment, such as reactors, filters, and calcination fur-
naces, which are readily available and can be easily scaled up to industrial capacities. The use of sulfuric acid 
as the leaching agent is also advantageous, as it is an inexpensive and widely accessible chemical that is already 
used in various industrial processes [38].

The kinetic study and mechanistic understanding of the hydrolysis process provide valuable insights 
for process scale-up and optimization. The second-order reaction kinetics with respect to the concentration of 
dissolved titanium suggests that increasing the reaction volume or the concentration of the reactants can lead  

Table 4: Preliminary economic analysis of the optimized hydrolysis process for acid-soluble titanium slag, based on a  
production capacity of 10,000 tons of TiO2 per year.

PARAMETER VALUE
Annual TiO2 production capacity (tons) 10,000

Capital investment ($ million) 15.0

Operating costs ($ million/year)

Raw materials 8.5
Utilities 2.2
Labor 1.8

Maintenance and overhead 1.5
Total operating costs ($ million/year) 14.0

Revenue from TiO2 sales ($ million/year) 20.0
Gross profit ($ million/year) 6.0

Income tax (25%) ($ million/year) 1.5
Net profit ($ million/year) 4.5

Production cost ($/ton TiO2) 1,850
Selling price ($/ton TiO2) 2,000

Gross margin (%) 30.0
Net present value ($ million) 28.5

Internal rate of return (%) 25.6
Payback period (years) 4.2
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to higher production rates. The activation energy of 58.6 kJ/mol indicates that the process can be operated at 
relatively moderate temperatures, reducing energy consumption and associated costs [39]. A preliminary eco-
nomic analysis (Table 4) of the optimized hydrolysis process, based on a production capacity of 10,000 tons of 
TiO2 per year, reveals promising economic indicators. The estimated production cost of TiO2 is $1,850 per ton, 
which is competitive with the current market prices of high-quality TiO2 products. The net present value (NPV) 
and internal rate of return (IRR) of the project are calculated to be $28.5 million and 25.6%, respectively, assum-
ing a discount rate of 10% and a project lifetime of 15 years. These figures indicate the economic viability and 
attractiveness of the process for industrial investment and scale-up.

4. CONCLUSION
In this study, the hydrolysis process for acid-soluble titanium slag in TiO2 production was systematically inves-
tigated and optimized using response surface methodology. The optimal conditions were determined to be a free 
acid concentration of 4.2 M, an initial equivalent TiO2 concentration of 95 g/L, and a temperature of 112 °C, 
resulting in a hydrolysis efficiency of 97.1 ± 0.3%. The TiO2 product obtained under these conditions exhibited 
high purity (99.33 wt%), uniform particle size distribution (D50 = 15.2 μm), and a well-defined spherical mor-
phology. The kinetic study revealed that the hydrolysis process followed pseudo-second-order reaction kinetics 
with respect to the concentration of dissolved titanium, and the activation energy was found to be 58.6 kJ/mol. 
The TiO2 product demonstrated properties comparable to or better than commercial TiO2 products, with a pho-
tocatalytic activity of 85.2% dye degradation after 60 min. A preliminary economic analysis, based on a produc-
tion capacity of 10,000 tons of TiO2 per year, indicated the economic viability of the optimized process, with an 
estimated production cost of $1,850 per ton, a net present value of $28.5 million, and an internal rate of return of 
25.6%. The optimized hydrolysis process for acid-soluble titanium slag presents a sustainable and cost-effective 
approach for the production of high-quality TiO2, contributing to the efficient utilization of secondary resources 
and the development of the circular economy in the titanium industry.
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